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ABSTRACT
The increase in coal usage for electric power generation has caused an increase in
the rate of production of fly ash, a fine ash powder discharged from pulverized coal
boilers. Due to the increase in amount of fly ash, the disposal problem has been getting
more serious. Accordingly, reusing fly ash has been recognized as an important subject for
many power plants. To meet the requirements of fly ash reuse markets, the unburned
carbon content in fly ash should be reduced to below five percent.
In the present research, segregation of carbon particles in a fluidized bed of fly ash
was inve~tigated as a method for separating carbon from fly ash. High intensity sound was
used to improve the fluidization properties of the ash.
The best operating conditions which give the best carbon segregation were
determined for one type of fly ash through a series of laboratory experiments. The results
show that to obtain the best carbon segregation, the sound frequency should be set at the
same frequency as the natural frequency of fly ash. In addition, basic fluidization
properties, such as bubble frequency and intermittency factor, as well as degree of
segregation are closely correlated to bed operating conditions such as bed depth and
superficial air velocity. The results suggest we can predict the degree of segregation just
by measuring the appropriate fluidization properties.
Recommendations for further research are offered in the last section of the thesis.
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Chapter 1 INTRODUCTION
1.1 Necessity of fly ash beneficiation
According to Figure 1.1, the consumption of electricity in the United States has
been increasing rapidly [1].
To meet this demand, more power plants will be needed. It is unlikely nuclear
power plants will be built because they are potentially hazardous. In addition, it is unlikely
non-fossil burning energy sources, such as solar heat, will become more commonly used in
the near future. Therefore, fossil energy still holds the main position for electric power
generation. Over the long term, it will be necessary to increase the usage of coal because
oil reserves are limited. World oil reserves correspond to a 34 year supply at present rates
of consumption. In contrast, world coal reserves correspond to a 174 year supply [2].
Therefore, coal is able to continue to serve as the main fuel for electric generation until
new technology, such as nuclear fusion and non-fossil energy sources, can supply
sufficient electric energy.
Most coal fired power plants use pulverized coal boilers. An increase in coal usage
will cause an increase in rate of production of boiler ash. Fly ash from these boilers is fine
powder with a mean diameter less than 20 microns. It consists of silica, alumina, and
unburned carbon, etc. The unburned carbon content, referred to as loss on ignition
( LOI ), is usually between a few percent and twenty percent. The amount of fly ash
annually discharged from power plants in the United States is approximately seventy five
million tons [3]. Approximately 22 percent of the fly ash was reused and the rest was
disposed of in landfills and ponds in 1993 [4]. Due to the increase of the usage of coal,
- 2 -
there will be more serious problems associated with siting and building disposal facilities.
Therefore, reusing fly ash has become a very important subject for most power plants.
Fly ash with very high unburned carbon content can be reused as fuel reburned in
boilers. On the other hand, fly ash with low unburned carbon is reused mainly as filler
for asphalt, cement, aluminum composite ( ash alloy) and plastic. Since fly ash with high
carbon content causes problems with mechanical properties and in the color of the
aforementioned products, there exist upper limits of the carbon content in fly ash. The
limit is approximately 4 percent for most high volume uses.
II Fly ash beneficiation II is defined as a process for reducing the unburned carbon
in fly ash or making use of that carbon as fuel. There has been growing recognition of the
need for cost-effective technologies for fly ash beneficiation.
The present research deals with the development of a fly ash beneficiation
technique which uses a bubbling fluidized bed to reduce the amount of carbon in the fly
ash.
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Figure 1.1 Electricity use in the U.S. economy [1]
1.2 Methods of fly ash beneficiation
Some projects currently target effective methods of fly ash beneficiation [5]. The
Electric Power Research Institute ( EPRI ) has developed Carbon Bum-Out (CBO). This
is based on a fluidized bed combustion process specifically designed for fine particle and
low-Btu fuel. CBO has demonstrated that fly ash with high carbon content can be
- 4-
beneficiated to provide a consistent low carbon ash product. CBO is now at the stage of
evaluation for 100,000 ton per year demonstration plants.
At the American Electric Power company, fly ash was classified by precipitator
hoppers installed at the power plants. The fine particles separated by the hoppers meets
the requirements for filler markets, which are a consistent particle size, consistently low
carbon content and pH stability.
Since 1995, the Energy Research Center of Lehigh University has been involved in
research to develop a fly ash beneficiation technique which uses a fluidized bed. The
process utilizes segregation phenomena caused by gravity in a bubbling fluidized bed. The
lighter particles with high carbon content segregate in the upper layers of the bed. The
heavier particles with lower carbon content settle towards the lower layers of the bed. It
should be mentioned that a similar process worked successfully in removing pyrites from
pulverized coal using a pilot scale inclined fluidized bed at the Energy Research Center
[6].
1.3 Physics of segregation in a fluidized bed
When the gas velocity in a bed exceeds the minimum bubbling velocity, some of
the gas flows through the fluidized bed as bubbles. Bubbles in a gas fluidized bed can be
thought of as consisting of two regions : the gas filled bubble cavity and the bubble wake.
The region other than bubbles is called the emulsion phase [7&8] .
If the bed material is not homogeneous in density and lor size, segregation occurs
generally at near minimum bubbling conditions. The denser andlor larger particles tend to
- 5 -
settle downwards. However, the bed material is generally well mixed at higher gas
velocities.
Three phenomena involving the bed material : circulation, exchange and
settlement, occur in the fluidized bed and cause mixing and segregation [6 & 9-11]. As
the bubbles move upward through the bed, they cause agitation and motion of the bed
material particles. Since the bubbles carry the particles in their wakes, to conserve mass,
downward flow of the bed material must exist elsewhere in the bed. These mechanisms
cause circulation of the bed material in the vertical direction. When a bubble rises, an
exchange of particles also occurs between the bubble wake and the emulsion phase. This is
observed as a particle flow around the bubble and flow into and out of the wake.
Settlement occurs if the bed material is not homogeneous in density and/or size as
mentioned above. Segregation results from complicated combinations of these three
phenomena.
1.4 Methods for improving fluidization of particles
To obtain good segregation in fluidized beds, it is necessary to achieve the proper
bubbling conditions. Fly ash particles are relatively fine, with mean diameters typically less
than 20 microns. They are classified within the Geldart C group. [12] which are normally
cohesive and difficult to fluidize well because interparticle forces [13-15] bind the particles
together and create larger clusters, which cause spouting or slugging in the bed.
Various technologies have been proposed to improve the fluidization of beds of
cohesive powders: mechanical vibration [16-19], pulsation of the gas feed [20], addition
of flow conditioning powders [21-25] and acoustic fields [26-37]. In the present research,
- 6 -
a high energy acoustic field was chosen as the method for improving the fluidization of fly
ash.
Several researchers have studied the effects of an acoustic field ( sound ) on the
fluidization of fine particles [26]. Morse [27] found that low frequency ( 50 to 500 Hz )
and high intensity sound ( above 110 dB ) improved fluidization of fine particles ( plaster
of Paris and pigments ), which are not fluidized well without sound. He also found that
high frequency sound cannot penetrate the bed very deeply. Since the loud speakers were
installed below the distributor of the bed, the sound reaching the fluidized bed was
probably significantly reduced. This is a disadvantage of his experiments.
Nowak, Hasatani and Derczynski [28] showed that a low frequency (20 to 120
Hz ) acoustic field improved fluidization and heat transfer of Geldart C group powders
and several sharp peaks in bed expansion and heat transfer occurred below 120 Hz with
SPL levels up to 130 dB. Very little improvement occurred with frequencies above 120
Hz.
Chirone , Russo and Massirnilla et. al. [30-35] have also demonstrated that high
intensity sound improves fluidization of cohesive Geldart C group powders ( carbon,
catalyst, ash and talc ). They explained the improvement of fluidization by assuming that
large clusters of particles break up into fluidizably small subculsters when external forces
induced by sound and fluidizing air overcome internal cohesive ( van der Waals) forces at
contact points between particles. They investigated the effects of the bed weight and the
intensity of the sound ( up to 140 dB ) and pointed out that there existed an appropriate
SPL to improve the fluidization of the powder corresponding to the bed weight. In these
studies, they fixed the sound frequency at 120 Hz. Recently, they [34&35] reported the
effect of sound frequency and suggested there may exist appropriate sound frequencies to
- 7 -
improve fluidization best being independent of the bed height and SPL. They also
presented a physical model which they called the cluster/subcluster oscillator model which
explains the existence of a resonance frequency of the powder.
Levy et. al. [36] investigated effects of SPL, air velocity and sound frequency on
the bubble behavior of the fluidized bed, such as minimum fluidization velocity, minimum
bubbling velocity, bed expansion and bubble frequency, using fly ash as bed material. It
was found that high intensity sound waves improved fluidization at the natural frequency
of the bed chamber. A sharp change in the character of the bubbling bed occurred at 120
dB. It was also found from visual observation that good fluidization and bubbling was
obtained not only at the natural frequency of the bed chamber ( 180 Hz ) but also at low
frequencies ( 60 to 80 Hz). The minimum bubbling velocity and bubble frequency were
measure using an optical fiber probe. Levy et. al. [37] reported a result of carbon
segregation in a sound-assisted fluidized bed of fly ash.
In the present research, segregation phenomena of carbon particles in a sound-
assisted bubbling fluidized bed of fly ash were investigated, with emphasis on sound
frequency, natural frequency of the bed chamber and natural frequency of the fly ash.
1.5 Objective of the present research
The Energy Research Center of Lehigh University is engaged in the development
of a new technique for fly ash beneficiation process which uses a sound-assisted fluidized
bed.
- 8 -
The work in this thesis involved studies in a small scale cylindrical batch bed to
collect basic information sufficient to design the process and determine optimum operating
conditions. In particular, this included :
• Determine the operating conditions which give the best carbon segregation.
• Investigate the relation between the degree of segregation and basic fluidization
characteristics, such as bubble frequency and intermittency factor.
In order to find the optimum operating conditions, segregation experiments were
performed with varying test conditions. Several configurations of the fluidized bed column
were compared to determine the effect of the frequency of the sound and the geometry of
the freeboard on sound pressure level and fluidization behavior. The bubble frequency and
Intermittency factor were measured by optical fiber sensors and compared with the degree
of carbon segregation.
- 9 -
Chapter 2 EQUIPMENT AND EXPERIMENTAL
PROCEDURES
2.1 Fly ash used in the present research
The fly ash used in the present research was obtained from Homer City Unit 3.
This is a pulverized coal power plant which burns an eastern bituminous coal. The particle
size distribution and LOI distribution versus particle size are shown in Figure 2.1 and
Table 2.1. The mean diameter ( Dso ) is approximately 40 f..lm and the average LOI is
11.3 weight percent. The results shown in Table 2.1 were obtained by very careful
SIevmg.
Generally, the segregation of carbon in fluidized fly ash is significantly affected by
the particle size distribution of the fly ash, and a sharper segregation tends to occur if the
fly ash has a narrow particle size distribution. In order to obtain better segregation in the
present research, the unsieved ( original) Unit 3 fly ash was separated into two fractions
~y size: a coarse fraction ( +325 Mesh fly ash) and a fine fraction ( -325 Mesh fly ash).
Each fraction was used as test material as well as the unsieved Unit 3 fly ash. A cyclone
(Progressive Industries, INC. MICRO-SIZER air classifying system ) was used as the
classifier system. The unsieved Unit 3 fly ash consists of 44 weight percent of +325 Mesh
fly ash and 56 weight percent of -325 Mesh fly ash. Since the methods for separation are
different, the percentage of -325 Mesh fly ash ( 56 wt % ) is different from that shown in
Table 2.1 ( 61.3 wt %). The average LOIs of +325 Mesh fly ash and -325 Mesh fly ash
are 13.1 and 8.3 weight percent, respectively. The particle size distributions of the +325
Mesh and -325 Mesh fly ash are shown in Figure 2.2. Since the unsieved Unit 3 fly ash is
- 10-
a mixture of particles with different densities, aerodynamic classifiers such as cyclones can
not separate the fly ash sharply at a certain particle size. Consequently, there exists a
region where the size distributions overlap.
Some fly ash from Homer City was separated using a vibrating sieve. In this case
the cut size was 230 Mesh. The sieving was performed by a vibrating machine (8 inch
Gilson sieving machine) for 15 minutes. Approximately 100 grams was sieved at a time.
The particle size distribution of the +230 Mesh fly ash is shown in Figure 2.3.
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Figure 2.1 Particle size distribution of unsieved Unit 3 fly ash
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1000
Size Weight LOI Mass Cumulative
Mesh Percentage % Recovery % LOI %
+100 4.9 25.7 100 11.3
-100+140 6.5 21.2 95.1 10.5
-140+200 9.0 18.5 88.6 9.7
-200+230 5.0 17.4 79.6 8.7
-230+325 13.3 19.0 74.6 8.2
-325 61.3 5.8 61.3 5.8
All 100 11.3
Table 2.1 LOl versus particle size of unsieved Unit'3 fly ash
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2.2 Experimental apparatus
The experimental apparatus consists of a cylindrical fluidized batch bed and a
sound generating system. (See Figure 2.4).
2.2.1 Fluidized bed
The batch fluidized bed is a cylindrical Plexiglas column with a 0.1524 m
(6 inches) inside diameter. The column height can be adjusted from 0.4752 m ( 18 inches)
to 1.143 m ( 45 inches ). The distributor is made of a sintered glass plate ( 3M Company
No. 15 sintered glass plate ). Experiments were performed with air at atmospheric
pressure and room temperature. Two kinds of air: dry air and humidified air, were used in
order to investigate the effect of humidity on the fluidization of fly ash. The air was
pressurized by compressors ( Ingersoll-Rand SSR-XF125) and thereafter dried by an air
dryer (Airtek refrigerated air dryer SC1200). The air from the dryer was used as the dry
air. The humidified air was obtained by bubbling dry air through a water pool in a column.
The air flow rate was measured using rotameters ( Schutte and Koerting Company l-R
tube with R-13 float and 01-R tube with R-015 float). The air pressure at the rotameter
inlet was controlled by a regulator valve (Nullmatic pressure regulator 42H30 ).
2.2.2 Sound generating system
A 0.2032 m ( 8 inches) diameter loud speaker ( Radio Shack Cat. No. 40-1348 )
was mounted at the top of the fluidized bed column. A signal generator ( Maxtec
- 14 -
International Corp. BK Precision Model 3011B ) was used to create an electric wave
signal at the specified frequency and the signal was enhanced by a 100 W audio amplifier.
( Kenwood KR-A 5070) The sound pressure level (SPL) was measured by a sound
meter. ( Quest Technologies Model 2700 )
For noise protection, the column was placed in a wood box which has noise
absorbent sheets ( BRD Noise and Vibration Control, Inc. PABA-411-MPB4) lining the
inside walls and a car muffler at the air outlet. A Plexiglas window was provided on the
side of the box for observation purposes.
- 15 -
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Figure 2.4 Experimental apparatus
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2.3 Instrumentation and experimental procedures
2.3.1 Superficial air velocity
The air flow rate through the fluidized bed Qa [ N cm3/sec ] was measured usmg
rotameters, using the calibration charts provided by the vendor. These charts indicate the
relationship between the rotameter reading and the air flow rate Qr [N cm3/sec] at a
design pressure Pd and a design temperature Td. In the case that the operating conditions
are different from the design conditions, the actual air flow rate Qa is obtained by adjusting
the flow rate Qr in the following manner.
( 2.1)
where, P and T indicate absolute pressure [MPa] and absolute temperature [K]
respectively. The subscripts II 0 II and II d II refer to the operating conditions and the
design conditions, respectively. The equation ( 2.1 ) is based on the assumption air is an
ideal gas. The N of the unit II N cm3/ sec II indicates the flow rate is measured at the
standard condition: 1 atm (0.10133 MPa ) and 0 0 C (273.15 K ).
Since the fluidized bed was operated at atmospheric pressure and room
temperature, this operating condition can be assumed to be essentially the standard
condition. Therefore, the superficial air velocity in the fluidized bed Uo[cm/sec] was
obtained by
Uo= Qa/ A
- 17 -
(2.2)
where, A is the cross section area of the fluidized bed [cm2 ]. The unit of Qu
"N cm3/ sec" can be modified to " cm3/ sec" because of this assumption.
2.3.2 Sound pressure level (SPL)
The sound pressure level : SPL [dB] in the fluidized bed depends on the
measuring position, the air velocity and the existence of fly ash. Therefore, during the
experiments, the SPL was always measured 3 cm above the top surface of the fluidized
bed at a superficial air velocity of 0.17 cm/sec.
The sound meter has two scales : the linear scale and the " A "scale (which
simulates how sound is heard by the human ear). Of the two, the linear scale was used to
determine the SPL in a physically meaningful way for all sound frequencies.
The maximum SPL the sound meter can measure is approximately 140 dB. SPL
levels which exceeded the sound meter capacity were estimated by extrapolation using an
experimental correlation between the SPL and the input voltage to the speaker. A typical
correlation between the SPL and the logarithm of the voltage is shown in Figure 2.5. The
straight line given by the least squares method correlates the experimental data very well.
The correlation line was dependent on the configuration of the fluidized bed column and
various operating conditions of the fluidized bed. This is described in detail in the section
3.4.3.
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2.3.3. Initial bed height
Since the bed surface is not smooth immediately after fly ash is placed into the
fluidized bed column, there is relatively low accuracy and reproducibility in measuring the
initial bed height Ho [ cm ]. To gain higher accuracy and reproducibility of the
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Homeasurement, Ho was determined as the stationary bed height after a short period of
fluidization with sound. The quantity Howas measured by the following procedure:
1. Set the piping arrangement according to the specified kind of air : dry air or
humidified air.
2. If dry fly ash is used as test material, dry the fly ash following the procedure
described in Section 2.3.6.
3. Weigh the fly ash and load the appropriate amount of fly ash into the column.
4. Fluidize the fly ash with sound with a SPL of 139 dB, an air velocity of
approximately 0.37 em/sec and a fluidization time ofapproximately 5 seconds.
5. Tum off the sound and then stop the air supply. If the air supply is stopped before
the sound is turned off, the sound pressure may compress the bed and cause the
height to decrease.
6. Measure the bed height. If it is different from the desired value, add or remove the
appropriate amount of fly ash and repeat the procedure from steps 2 to 4 until the
height reaches the desired value.
2.3.4 Loss on ignition ( LOI )
The loss on ignition (LOI) is defined as the ratio of the weight loss of the ash
caused by burning to the total weight before burning. It is expressed as a weight percent.
The LOI of fly ash is usually considered to be equivalent to the unburned carbon
concentration in the fly ash. In the present experiments, the wet fly ash LOI was used.
There was very little difference between wet and dry LOI because the moisture in fly ash
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was very low ( less than 0.2 wt% ). Most LOIs in the experiments were determined by
analysis at a commercial coal laboratory. Some LOIs were measured using a furnace
(Fisher Scientific Isotemp Muflle Furnaces 550 series Model 14 ). Samples were burned at
816 0 C (1500 0 F) for at least 5 hours in the furnace. The LOIs were determined by the
weights of the fly ash sample both before and after burning. The sample weight was
typically between 3 and 8 grams.
2.3.5. Capacity of the speaker
In the present experiments, the two coils of the loud speaker were connected in
series in order to achieve high SPL. Using this arrangement, the electrical capacity of the
speaker We is 50 watts for continuous load. On the other hand, the results of the
measurement of the speaker impedance Z [n] is shown in Figure 2.6. The impedance
depends weakly on the sound frequency and the shape of the sound wave ( sine wave,
square wave, etc.). The upper limit of input voltage to the speaker, Vm [volts], is
calculated by
JWcxZ (2.3)
For most of the present experiments, Vm was approximately 24 volts.
Since the speaker capacity We ( SOW ) is lower than the amplifier capacity
(100W), the maximum S PL is determined by We, or equivalently, by Vm. Although V;n
remained nearly constant for the most of the experiments, the SPL at the maximum
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voltage, Vm , varied widely, depending on parameters such as configuration of the
fluidized bed and sound frequency.
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2.3.6 Drying and treating dry fly ash
To investigate the effect of moisture in fly ash on the degree of segregation, some
fly ash was dried before it was used as test material. The drying was carried out through
the following procedure :
1. Put the specified amount of fly ash into open aluminum pans. The height of the fly ash
bed should be lower than 3 em. Higher bed heights tend to prevent the moisture in the
fly ash from evaporating.
2. Place the aluminum pans on electric cooking pans. Set the temperature of the
pans at 177°C (350 OF ) and dry the fly ash on the pans for at least 6 hours.
3. Before loading the dry fly ash into the fluidized bed column, start the flow of dry air to
the empty fluidized bed column. Purge the moist air in the column by using high
velocity ( 0.6 em/sec) dry air for a short time ( 1 minute ).
4. Set the air velocity to a: value lower than the minimum fluidization velocity (Urnr) of
the fly ash.
5. Load the dry fly ash from the aluminum pans into the fluidized bed column as
rapidly as possible because dry fly ash quickly adsorbs moisture from the surrounding
air.
2.3.7 Optical fiber system
The measurements of Urnb ( minimum bubbling velocity), bubble frequency, Fs,
and intermittency factor, IF, were performed using an optical fiber probe. The tip of the
- 23 -
probe is shown in Figure 2.7. Two fibers inside stainless steel tubes with 1 rom outside
diameters and 18 mm lengths are joined to an 8 mm diameter stainless steel tube. Each
fiber consists of two parts : a light irradiating part and a reflected-light receiving part. The
light receiving part senses the difference of the reflection indexes between the bubble
phase and the emulsion phase, which therefore indicates the presence of the bubbles. The
probe was inserted horizontally in the bed through a hole in the side wall of the fluidized
bed column. The center of the two fiber tips was located 2.5 cm above the distributor and
approximately 6 cm from the side wall of the column. The analog signal of the probe was
converted into digital data and analyzed by computer.
- 24-
E
E E
co E
\1/ T""" \J
.-+
- --------
lr\
-
.--<
I
/1\
18rnm
-- --=- .
Probe tip
Fluidized Bed
E
0
Probe
LO
N \1/
I t::;;
1\
6 ern
.-- ----...:...~
Location of the probe tip
Figure 2.7 Optical fiber probe
- 25 -
2.3.8 Bubble frequency and Intermittency factor measurement
The bubble frequency Fb is the number of the bubbles per second which occur at
the specified location. The intermittency factor IF is the ratio of the time when the
bubbles appear to the total time.
Fb = N b ITt
IF = TblTt
[Hz ]
[ - ]
(2.4)
(2.5)
where, Nb Number of bubbles in Tt [ - ]
It Total recording time [ sec]
n Time duration when bubbles appear [sec]
The Fb and the IF were obtained by analyzing the signals from the optical fiber
sensor. When using the optical fiber sensor, the following procedures should be followed.
These hold true not only for the measurements of Fb and IF but also for the measurement
ofminimum bubbling velocity ( Umb), which is described in the next section.
a. The fluorescence lights in the laboratory should be turned offwhen the signals are
recorded because the probe is negatively affected by interference created by the
lights.
b. The signal acquisition frequency should be 1000 Hz.
c. The high frequency noise in the signals in the range from 60 Hz to 500 Hz should be
removed by filter before the data are analyzed.
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d. There are two optical fibers on the probe. Both signals are analyzed in the same
manner. The Fb and IF are obtained by taking an average of the values from the
two fibers.
e. The object signals are analyzed by comparison to a reference signal. The reference
signal is recorded at the condition at which the air velocity is clearly lower than
Umb and all other conditions are the same as those ofthe object signals. The
reference signal indicates the sensor output corresponding to the particle movements
caused by the air and sound without bubbling in the bed. It gives the threshold for
detecting bubbles from the object signals recorded at bubbling conditions.
\--,
The quantities Fb and IF were measured simultaneously through the following
procedure:
1. Set the piping arrangement according to the specified kind of air: dry air or humidified
aIr.
2. Insert the optical fiber probe horizontally into the empty fluidized bed column
through the hole in the side wall of the column and set the probe tips at the specified
location.
3. If dry fly ash is used as test material, dry the fly ash following the procedure
described in Section 2.3.6.
4. Load the specified amount offly ash into the fluidized bed column.
5. Set the SPL, the sound frequency and the air velocity etc., at the specified conditions.
6. Record the signals from the optical fiber sensor. The recording time should be longer
than 10 seconds.
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7. Reduce the air velocity to a clearly lower velocity than Umb, and record the signal.
This is the reference signal.
8. Analyze the reference signal. Determine the maximum absolute value ofthe voltage of
the signal. ( See Figure 2.8 ). The positive and negative values of this absolute value
are defined as the upper minimum bubble value and the lower minimum bubble value,
respectively.
9. Analyze the signal recorded at the specified condition. When the signal exceeds the
upper minimum bubble value immediately after it falls below the lower minimum
bubble value, it is recognized that a bubble has passed by the probe. ( See Figure 2.9 ).
Analyze the entire data set. Count the number of bubbles Nb and sum up the time
period over which bubbling occurs. This is the parameter n. The Fb and the IF are
calculated using the equations 2.4 and 2.5 .
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2.3.9 Minimum bubbling velocity (Umb ) measurement
The minimum bubbling velocity, Umb [em/sec] , was determined using both the
signal of the optical fiber sensor and visual observation through the following procedure :
1. Set the piping arrangement according to the specified kind of air: dry air or
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humidified air.
2. If dry fly ash is used as test material, dry the fly ash following the procedure
described in Section 2.3.6.
3. Load the fly ash into the fluidized bed column.
4. Set the SPL and sound frequency at the specified condition. The input voltage to the
speaker is also measured. "
5. Set the air velocity at the value at which the fly ash can be fluidized with active
bubbling.
6. Decrease the air velocity step by step and observe the bed behavior at each velocity.
The bed behavior includes the size, the number and the position of the bed surface
bubbles or spouts, as well as, the particle movement at the side wall. The fluidized
bed height is also measured. The interval of the air velocity between each stage
should be less than 0.06 em/sec.
7. Record the optical fiber signals at each of the lower air velocities until only a few
bubbles are observed at the bed surface. From this point onward, the interval of the air
velocity should be less than 0.03 em/sec. The recording time should be longer than 5
seconds.
8. Determine the gas velocity at which both the bubbles disappear on the bed surface
and the particle movement stops on the side wall. This velocity is the Umb based on
visual observation.
9. Continue to record the optical fiber signals at three more velocities lower than the
Umb based on visual observation.
10. Record the optical fiber signals at a velocity clearly lower than Umb . This is the
reference signal. Then, obtain the minimum bubble values.
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11. Analyze the signals around the Umb based on visual observation. Count the bubbles.
Determine the maximum air velocity at which the signal does not show any bubbles.
This velocity is the Umb based on the optical fiber sensor signals.
12. Determine the average ofthe Umb based on visual observation and the Umb based on
the optical fiber probe. This average velocity is defined as the minimum bubbling
velocity: Umb of the fly ash.
2.3.10 Segregation experiments
The segregation experiments were performed through the following procedures:
Preparation
1. Set the piping arrangement according to the specified kind of air: dry air or
humidified air.
2. If dry fly ash is used as test material, dry the fly ash following the procedure
described in Section 2.3.6.
3. Load the fly ash into the fluidized bed column.
4. Measure the bed height and adjust the height ifit is necessary.
5. Tum on the sound and set the SPL and the sound frequency at the specified
conditions as quickly as possible so that segregation does not occur. The input
voltage to the speaker is also measured.
6. Tum off the sound and the air flow.
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Segregation Experiment
1. Simultaneously, turn on the sound and begin to supply the air. The air velocity should
be set at a high velocity ( 0.6 em/sec) for approximately 10 seconds in order to mix
the fly ash well.
2. Reduce the air velocity to the specified condition and keep the other conditions
constant for the specified bubbling time.
3. During this time, measure the fluidized bed height and observe the bed behavior.
4. After the bubbling time has been concluded, simultaneously turn off the sound and
the air flow.
5. Collect the fly ash, layer by layer, using a vacuum ejector. The total fly ash should
be divided into at least five layers. The densities of the upper layers are lower than
those of the lower layers after segregation. Thus, the thickness of the upper layers
should be thicker than those of the lower layers in order to obtain approximately the
same weight offly ash in each layer.
6. Weigh each layer offly ash.
Taking samples for LOI measurement
1. By repeatedly using a riffier, obtain approximately a 5 gram sample for LOI
measurement from each layer of fly ash.
Approximately 5 grams were taken from each fly ash layer as a sample for the LOI
measurement. The weights of the fly ash layers were usually between 50 grams and 200
grams. The riffier was used in order to make the small sample representative of the LOI of
the whole layer. The riffier can separate powders with wide size and / or wide density
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distribution into two fractions whose weights and size distributions are approximately the
same as each other. By using the riftler several times, a suitable sample for LOI
measurement can be obtained from the relatively large amount of the fly ash.
2.3.11 Measurement of natural frequency of the fluidized bed camber
The natural frequency of the fluidized bed chamber Fe is defined as the frequency
at which the maximum SPL occurs when the SPL is measured at various frequencies with
a constant power level supplied to the speaker. The natural frequency Fe strongly depends
on the fluidized bed column height and the distance between the top ofthe column and the
bottom of the loud speaker. In this thesis, the latter distance is called the "gap" and the
two parameters ( the column height and the gap ) define the "configuration of the fluidized
bed column". ( See Figure 2.10). To adjust Fe to the desired frequency, the configuration
would need to be adjusted.
Since the frequency Fe is weakly dependent on air velocity and fly ash bed height
( or existence of fly ash ), Fe was determined at an air velocity of 0.37 em/sec and at a fly
ash bed height of 4.5 cm.
The natural frequency was measured by the following procedure:
1. Set the column height and the gap.
2. Load the specified amount offly ash into the fluidized bed column. The bed height
should be 4.5 em.
3. Set the air velocity at a velocity of 0.37 em/sec.
4. Tum on sound.
- 34-
5. Set the sound frequency at 60 Hz.
6. Set the input voltage to the speaker to 5 volts by adjusting the volume of the amplifier.
And then, measure the SPL.
7. Increase the sound frequency step by step until 200 Hz. Measure the SPL at each
sound frequency. The input voltage should be kept at 5 volts. The interval of the sound
frequency should be less than 10Hz.
8. Repeat similar measurements near the frequency at which the maximum SPL is
obtained. This time, the frequency interval should be less than 2 Hz.
9. Determine the sound frequency which gives the maximum SPL. This is the natural
frequency of the bed chamber, Fe.
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Figure 2.10 Two parameters of the configuration of the fluidized bed column
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Chapter 3 EXPERIMENTAL RESULTS AND DISCUSSION
3.1 Experimental conditions
The parameters varied in the segregation experiments were the following
type of fly ash
configuration of the fluidized bed column
sound frequency
SPL
signal shape
air velocity
initial bed height
bubbling time
dry air or humidified air
dry fly ash or moist fly ash
The configuration of the fluidized bed column was modified by changing the height
of the fluidized bed column and the gap between the top of the column and the bottom of
the speaker. In the experiments, the effect of the natural frequency of the bed chamber Fe
on the degree of segregation was investigated. The configuration of the fluidized bed
column was adjusted in order to obtain a desired Fe.
The signal shape is the shape of the sound wave which is created by the signal
generator and enhanced by the amplifier. Although the generator created undistorted sine
waves and square waves, the real sound waves detected by a microphone in the fluidized
bed column were distorted due to the amplifier. The sound waves are shown in Section
3.4.4. In this thesis, for convenience, the distorted sine wave and the distorted square
wave are simply called sine wave and square wave, respectively.
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3.2 Natural frequency of the fluidized bed chamber, Fe
The effect of the configuration of the fluidized bed column on the natural
frequency of the bed chamber Fcis summarized in Table 3.1 and the basic results are
shown in Figures 3.1 to 3.3. The column height was modified in the range from 0.2286 m
( 9 inches) to 1.143 m ( 45 inches) and the gap was set at 0.6 em or 2.0 em. The bed
chamber with a higher column has a lower natural frequency (See Figures 3.1 and 3.2 ).
With the gap of 2.0 em, the SPL has a sharp peak at a certain frequency, which is the
frequency Fe. On the other hand, the curve of SPL with the gap of 0.6 em is relatively flat
and has higher values within a wide range of frequencies (See Figure 3.3). The shape of
the wave ( sine vs. square) has very little effect on the SPL - frequency characteristics.
The theoretical values of the natural frequency Fct in Table 3.1 were calculated
using the following equation [38] :
F - (2n-l) Vc:
et - 4£ [Hz] (3.1 )
where ~: velocity of sound [ 343 rnlsec]
L : length of the tube [m]
n = 1,2,3 .... (In this case n = 1 )
This equation expresses the natural frequency of a slender tube with one end closed and
the other open. Since the distributor and the center of the gap can be regarded as the
closed end and the open end, respectively, the length of the tube L in Equation 3.1 can be
described as
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[m] (3.2)
height of the fluidized bed column
half distance of the gap
[m]
[m]
The ratio of the experimental results of Fe to the theoretical values, Fet> are also
shown in Table 3.1. The experimental results showed good agreement with the theoretical
values in the case of the 2.0 cm gap. However, there was more of a disagreement between
the experimental results and the theoretical values for the 0.6 cm gap.
The results suggest that the center of the gap can be assumed as an open end ifthe
gap is large enough; however, the 0.6 cm gap can not be considered as an open end. More
complicated air movements must occur in the free board of the fluidized bed due to a
narrow gap and this affects the natural frequency Fe. These results also show we can
adjust Fe to the desired frequency within a wide range by changing the gap, but without
changing the bed column height.
-38-
Column height Gap Fe Fet Fe/Fet
( m ) ( em ) (Hz) (Hz) ( - )
0.4572 0.6 135 186 0.73
0.4572 2.0 180 184 0.98
0.9144 0.6 75 93 0.81
0.9144 2.0 88 93 0.95
1.143 2.0 66 74 0.89
Table 3.1 Natural frequency of the fluidized bed chamber, Fe
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3.3 Natural frequency of fly ash, Ff
The effect of sound frequency Fs on minimum bubbling velocity Umb is shown in
Figures 3.4, 3.5 and 3.6 for the unsieved Unit 3 fly ash, +325 Mesh fly ash and -325 Mesh
fly ash, respectively. The SPL was kept at 138 dB to 139 dB. The same weight of fly ash
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( 575 grams) was loaded into the fluidized bed; however, the initial bed heights were
slightly different among the three kinds of fly ash.
The minimum bubbling velocity Umb was found to be minimized at a certain
frequency for all three cases. The minimum Umb occurred at 75 Hz, 90 Hz and 70 Hz for
the unsieved Unit 3, +325 Mesh and -325 Mesh fly ash, respectively. As mentioned in
Section 3.6.2, the measurement of Umb has high reproducibility enough to discuss the
differences of Umb among the various sound frequencies. Results will be pr~sented in
Section 3.4 on carbon segregation which show the reduction in fly ash LOr is the greatest
at the frequencies which give the lowest values ofUmb.
These results can be explained by assuming that there exists a natural frequency of
fly ash, as Chirone et. al. [34&35] suggested, and the fly ash is resonated and thus
fluidized very well at this frequency. The specific value of natural frequency is a
characteristic of the material. In the present work, the natural frequency of fly ash Fr was
defined as the frequency at which Umb is minimized. The values ofFr for the Homer City
Unit 3 fly ash used in this research were the following:
Unsieved
+325 Mesh
-325 Mesh
Fr = 75 Hz
Fr = 90 Hz
Fr = 70 Hz
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3.4 Results of segregation experiments
The effects ofvarious experimental conditions on the degree of carbon segregation
are discussed in this section. In the most segregation experiments, Unit 3 +325 Mesh fly
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ash was used as the test material. At the end of this section, the condition shown to yield
the best segregation is discussed.
3.4.1 Method to analyze the degree of segregation
In the segregation experiments, the fly ash in the fluidized bed was divided into
several layers and the weight and LOI of each layer were measured. Therefore, several
sets of data comprised of weight and LOI were obtained as the results of one segregation
experiment. The degree of carbon segregation of each experiment was evaluated using
these data according to the following method. The degrees of segregation at different
experimental conditions were compared with each other in order to find the condition
which gives the best segregation.
Mass recovery (%)
Suppose the number of layers of the fly ash is n. The layers are numbered such that
the top layer is layer 1 and the bottom layer is layer n. ( See Figure 3.7 ).
Let the weight and LOI of the i th layer be Wi and Xi respectively. The mass
recovery of layers n to i , mi, is defined by
n
LWk
k~i X 100 (%)
LWk
k=l
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(3.3)
This value indicates the weight percentage of the fly ash which is in the n th to the
i th layers in comparison to the total weight of the fly ash. Therefore, the mass recovery of
the t op layer: ml is always 100 %.
1
2
i
n
Fluidized Bed
Figure 3.7
Cumulative LOI (%)
Numbering of the layers of fly ash
The cumulative LOI of the i th layer, Ci, is defined by
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nL::(XkXWk)
_k=_i_
n
_ X 100
L:: Wk
k=i
(3.4)
and this quantity is the average LOI of the fly ash which is in layers n to i. Thus, 01 is the
average LOI of the total fly ash sample. According to the graph ofcumulative LOI versus
mass recovery ( See Figure 3.8 and 3.9 ), a steeper slope indicates better segregation. The
cumulative LOI was used as an index to compare the degrees of segregation at different
experimental conditions for fly ash samples having average values of LOI of comparable
magnitude.
However, the degrees of segregation cannot be compared if the average LOIs are
considerably different from each other. Consider the segregation performance curves A
and B in Figure 3.10. The difference in the cumulative LOIs between the top and the
bottom of the bed, dC, is the same for each curve. The average LOI of A, CA, is higher
than that ofB, Cs . In the case of A, the ratio of the LOI difference dC to the average LOI
CA , namely dC/CA is much smaller than that in the case of B. This suggests that the
segregation of B is much better than that of A. It is necessary to normalize the cumulative
LOI by the average LOI in order to compare the segregation performance of fly ash
samples whose average LOIs are different.
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LOI Reduction (%)
The LOI reduction of the i th layer, Ii , is defined by
C1-Ci X100 (0/)C
1
10 (3.5)
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This value indicates the reduction ratio of the cumulative LOI in the i th layer to
the average LOI. By using this index, the degrees of segregation can be compared for
varying conditions in situations in which the average LOIs of the fly ash are different. By
definition ( See Equation 3.5), the LOI reduction of the top layer, rl , is zero for any
experiment. According to the graph of LOI reduction versus mass recovery ( See Figure
3.11 ), a higher LOI reduction corresponds to better segregation.
A characteristic index, L~o, was used as the value which is representative of the
degree of segregation. The L~o is the value of the LOI reduction at which the mass
recovery is 60 percent. A higher value of L~omeans that the carbon in the fly ash is
segregated better. The L~ois used when the degrees of segregation are compared at
different experimental conditions.
In the following sections, the parameter L~o or the graphs of LOI reduction
versus mass recovery are used to show the degree of carbon segregation.
As described in Section 3.6.1, the experimental errors for LOI reduction is
approximately ± 4 percent. Therefore, the degree of segregation among different
experiments were compared considering this error in the following sections.
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The definition of LRtio
3.4.2 Effect of sound frequency
Figure 3.12 shows the effect of the sound frequency Fs on the Lor reduction at a
mass recovery of 60 % , L~o. The experiments were performed varying Fs and keeping
all other conditions constant.
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The parameter UOlUmb indicates the magnitude of the superficial air velocity, Uo,
in comparison with the minimum bubbling velocity, Umbo This parameter was kept
constant at UOlUmb = 2.5 in this series of experiments. In all other experiments, the
excess air velocity UO-Umb was used as the velocity parameter. The quantity UO-Umb
directly expresses the air flow rate that creates bubbles in a fluidized bed.
The excess air velocity UO-Umb and the ratio UO/Umb are compared in Table 3.2.
Since UO-Umb is similar for Fs = 75 Hz, 90 Hz, 120 Hz and 150 Hz, LRtJo at these
frequencies can be compared. It is obvious that the best segregation occurred at Fs = 90
Hz. For Fs = 180 Hz, the excess air velocity was too high to compare the results with
those at other frequencies. However, as shown in the next section, other experimental
results indicate that the segregation obtained at 180 Hz was not as sharp as the
segregation at 90 Hz. Therefore, based on this criterion, the optimum sound frequency is
90Hz.
The test material was Unit 3 +325 Mesh fly ash and the natural frequency of the fly
ash Fr is also 90 Hz. ( See Section 3.3 ). The optimum sound frequency was identical
with the natural frequency of the fly ash Fr. The reason for this identity may be that when
fly ash is resonated by sound whose frequency is the same as the resonance ( natural )
frequency of the fly ash, the fly ash clusters are more easily divided into smaller
subclusters of particles. This condition helps to liberate the carbon particles and also leads
to more consistent bubbling.
It is concluded, from what has been said above, that the sound frequency Fs should be
set at the same frequency as the natural frequency of the fly ash Fr to obtain the best
segregation. In the case of +325 Mesh fly ash, Fs should be set at 90 Hz.
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Effect of sound frequency, Fs
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Humidified air and Moist fly ash .
Experiment No. #31 to #38 )
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( Hz ) 75 90 120 150 180
Umb (em/sec) 0.13 0.0980.12 0.13 0.19
UO/Umb (-) 2.5 2.5 2.5 2.5 2.5
UO-Umb( em/sec) 0.20 0.15 0.18 0.20 0.28
Table 3.2 Comparison between UO/Umb and UO-Umb
for the experiments shown in Figure 3. 12
3.4.3 Effect of configuration of the fluidized bed column
( Combination of experimental frequency conditions )
In Section 3.4.2, it is shown that the sound frequency, Fs, should be set at the
same frequency as the natural frequency of the fly ash, Ff. The effect of the natural
frequency of the fluidized bed chamber, Fe is considered in this section. Fe is the resonance
frequency of the air in the freeboard of the fluidized bed, in contrast to Ff, which is the
resonance frequency of the fly ash.
To investigate the effect of Fe, we chose the three combinations of experimental
frequency conditions shown in Table 3.3. Since the test material was the +325 Mesh fly
ash, Ff is 90 Hz in all these cases. The frequency Fe was modified by adjusting the
configuration of the fluidized bed column. In case A, Fs is equal to Ff and different from
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Fe. In case B, Fs is the same as Fe and different from Fr. On the other hand, the three
frequencies are approximately the same in case C.
Configuration
Fs Fe Ff L Gap Note
(Hz) (Hz) (Hz) (m) (em)
case A 90 135 90 0.4572 0.6 Fe =I Fs = Ff
case B 180 180 90 0.4572 2.0 Fe = Fs =I Ff
case C 90 88 90 0.9144 2.0 Fe=Fs=Ft
where Fs Sound frequency
FeNatural frequency of the fluidized bed chamber
Ff Natural frequency of fly ash
Table 3.3 Combinations of experimental frequency conditions
(Cases A, Band C )
Relation between the SPL and the speaker input voltage
Figures 3.13 and 3.14 indicate the relation between the SPL and the speaker input
voltage Vs for both sine and square waves in the three cases. The horizontal axis of the
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graphs shows a logarithmic scale for Vs and the vertical axis shows a linear scale for SPL.
The symbols and the lines indicate the experimental data points and the regression lines,
respectively. The formula of these lines are:
Case A
SPL = 18.630 x LoglO Va + 119.20 (sine wave) (3.6)
SPL = 18.186 x LoglO Va + 119.43 ( square wave) (3.7)
CaseB
SPL 25.007 x Log 10Vs + 122.22 (sine wave) (3.8)
SPL 23.940 x LoglO Vs + 122.24 ( square wave ) (3.9)
CaseC
SPL 13.276 x LoglO Va + 125.10 (sine wave) (3.10)
SPL 13.486 x LoglO Va + 124.73 ( square wave ) (3.11)
The straight lines correlate the experimental data very well. The correlation coefficients
are greater than 0.995 in all cases. As mentioned in Section2.3 .2, SPLs exceeding 140
dB were estimated by extrapolation using the formula above.
These correlations were obtained at an air velocity of 0.37 em/sec. The effect of air
velocity on the correlation was weak as shown in Figure 3.15.
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Results of Umb measurements and segregation experiments
Table 3.4 shows the results OfUmb measurements. The values for Umb were similar
to each other in cases A and C, however, Umb was considerably larger in case B. It
follows from the results that the fluidization in cases A and C is better than that in case
B.
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Sine wave Square wave SPL
case A
case B
case C
0.062
0.21
0.072
Unit
0.092
0.24
0.092
em I sec
145 dB
145 dB
143 dB
Table 3.4 Umb for cases A, Band C
( Unit 3 +325 Mesh, Ho=4.5 em, Humidified air and moist fly
ash)
Figures 3.16 and 3.17 indicate the results of the segregation experiments. The
excess air velocity was kept constant at 0.2 em/sec for all experiments. It is clear that
good segregation was not achieved in case B. This implies that setting the sound
frequency Fs at the same frequency as the natural frequency of fly ash Fr is important to
obtain ideal segregation. Comparing the results of cases A and C with a sine wave, the
degree of segregation in case C was slightly better than in case A. ( See Figure 3.16 ).
With a square wave, case C does not appear to offer better segregation. (See Figure 3.17).
The differences in LOI reduction in the two graphs are not sufficiently large to indicate
there is a real difference between cases A and C, considering the experimental errors of
LOI reduction (± 4 percent ). We can, therefore, reasonably conclude that Fe does not
affect carbon segregation and both cases A and C give the best segregation.
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3.4.4 Effect of signal shape
Figures 3.18 , 3.19 and 3.20 show the oscilloscope displays of the sound wave
signals detected by a microphone 3 cm above the fluidized bed surface. These figures
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indicate sine waves and square waves at approximately 145 dB corresponding to the three
cases stated above. All waves are distorted and are not well-shaped sine waves or square
waves. In Figure 3.19 ( case B ) , we can not see much difference between the sine wave
and the square wave. However, in cases A and C, the square waves have larger
amplitudes, more distortion and steeper slopes than the sine waves. ( See Figure 3.18 and
3.20 ).
The results of the segregation experiments are indicated in Figures 3.21 and 3.22.
Considering the experimental errors, it is concluded that there is very little difference
between the effect of the sine wave and that of the square wave on carbon segregation.
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Effect of signal shape [Cases A and B ]
( Unit 3 +325 Mesh, Ho=4.5 cm, T=2 min,
Humidified air and Moist fly ash)
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3.4.5 Effect of air velocity and initial bed height
The effect of the excess air velocity UO-Umb on the degree of segregation is shown
in Figures 3.23, 3.24 and 3.25. The graphs correspond to case A, Band C. LR<io had a
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sharp peak at UO-Umb = 0.20 cm/sec in case A with the initial bed height Ho= 4.5 cm.
( See Figure 3.23). L~o was maximized at UO-Umb = 0.35 em/sec in case B with
Ho= 4.5 cm. ( See Figure 3.24 ~. Figure 3.25 indicates the results of segregation
experiments in case C where the initial bed height was varied. An excess air velocity of
0.20 cm/sec gave the best segregation for all bed heights.
The results discussed above show the excess air velocity which gives the best
carbon segregation depends on the sound frequency and bed configuration. ( cases A, B
and C ). The dependence can be explained by recognizing that fluidization properties such
as bubble size, bubble frequency and intermittency factor, change due to the sound
frequency and the configuration, and as a result, they affect the segregation phenomena.
Cases A and C gave similar degrees of segregation and this was better than with
case B. From Figure 3.25, it is clear that the optimum initial bed height is 4.5 cm. Case A
and C are the optimum case as mentioned in Section 3.4.3. These results lead to the
conclusion that over the range at which experiments were conducted, the optimum
conditions of excess air velocity Uo - Umb and initial bed height Ho are:
Uo - Umb = 0.20 cm/sec, Ho= 4.5 cm (For cases A and C )
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3.4.6 Effect of moisture of fluidizing air and fly ash
Figure 3.26 shows the effect of the humidity in the fluidizing air on carbon
segregation. Humidified air was used in one experiment and dry air was used in the other.
In both experiments, the test material was moist fly ash which had not been dried. The
results indicate that there is little differ.ence between the segregation performance ofthese
two experiments.
The effect of the moisture in fly ash on segregation is shown in Figure 3.27. Dry
aIr was used as the fluidizing air in these experiments. In Figure 3.27, the results of the
dry fly ash experiments are compared with that of a reference experiment in which moist
fly ash was used as the test material. In the dry fly ash experiments, the excess air velocity
,UO-Umb, was set at 0.25, 0.20 and 0.15 cm/sec. The graph indicates that the moisture in
fly ash strongly affects the degree of segregation and good segregation cannot be obtained
using dry fly ash in these experimental conditions. The LOI reduction increased as the
excess air velocity decreased in the dry fly ash experiments. It suggests that better
segregation may be obtained at a lower excess air velocity than 0.15 cm/sec.
It was observed that fly ash created hard crusty clusters after 6 hour drying at
177 0 C. It implies that strong interparticle forces occur in fly ash particles by the drying.
This is one of the reasons for the lower degree of segregation in the case of dry fly ash
experiments.
To summarize, it follows that moisture in fly ash strongly affects the degree of
segregation, while the effect of dry fluidizing air on segregation of moist fly ash is very
weak. The strong effect of the moisture in fly ash is caused by its effect on the magnitude
of interparticle forces in the fly ash. The difference in degree of segregation between the
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two series of experiments can be explained by recognizing the difference in drying rates.
The dry fly ash had been dried for at least 6 hours at 177 0 C , while the moist fly ash had
been dried at room temperature by dry fluidizing air for only 2 minutes during the
segregation experiments. The rates of drying in the first case are sufficiently strong and
occur for a long enough period of time to affect the magnitude of interparticle forces.
However, in the latter case, not enough drying occurred to affect interparticle forces.
It is reasonable to conclude that moisture in fly ash strongly affects carbon
segregation. Further experiments are needed to quantify these effects.
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( Unit 3 +325 Mesh, square wave, Ho=4.5 cm,
T=2 min. )
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Figure 3.27 LOI reduction versus Mass recovery
Effect of moisture of fly ash
(Unit 3 +325 Mesh, square wave, Ho=4.5 em,
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3.4.7 Effect of the SPL
Figure 3.28 shows the effect of the SPL on minimum bubbling velocity Umb of
Unit 3 +325 Mesh fly ash. As the SPL increases, Umbdecreases, which means that the
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fluidization of the fly ash is improved at higher SPL. The most rapid decrease of Umb
occurred between 120 and 130 dB.
The effect of SPL on carbon segregation is indicated in Figure 3.29. These
experiments were carried out by Mr. Asher Ayalon, a visiting research engineer at the
Energy Research Center, in November 1995. The test material was Unit 3 +325 Mesh fly
ash. The configuration of the fluidized bed column was similar to case A, however, the
sound frequency was set at 180 Hz. A different signal generator and amplifier from those
used in the present experiments were used and the shape of the sound wave appeared to
be a strongly distorted square wave. These earlier experiments had been done using the
"A" scale on the sound meter. To provide a basis for comparison with data obtained by the
author, the "A" scale readings were converted to linear scale values using the following
empirical relation.
SPL (linear scale) = SPL ("A" scale) + 11 [dB] (3.12)
Based on results in Figure 3.29, it appears that in the SPL range from 130 dB to
145 dB, better carbon segregation can be obtained at higher SPL levels. The results of the
Umb measurements in Figure 3.28 also support this fact.
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3.4.8 Effect of bubbling time
Figure 3.30 indicates the results of a series of segregation experiments which were
made while varying bubbling time, T, in the range from 15 seconds to 3 minutes.
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These experiments were performed by Mr. Ilan Shnitzer, a visiting research
engineer at the Energy Research Center, in June 1995. The test material was Unit 3 +230
Mesh fly ash, which has a narrower particle size distribution than the +325 Mesh material
( See Section 2.1). The experimental apparatus, instrumentation and operating conditions
were similar to those used by Mr. Ayalon as stated in Section 3.4.7. The SPL was also
converted to linear values using Equation 3.12.
As Figure 3.30 shows, L~o increased sharply up to T = 30 seconds and then
increased slightly as the bubbling time T increased. This graph tells us that most of the
segregation occurred during the initial 30 seconds although the segregation still progresses
slowly after the period. From a practical point of view, one minute of bubbling time
should be sufficient to obtain good carbon segregation.
The high values of L~o shown in Figure 3.30 ( approximately 70 percent)
indicate that better segregation was obtained than that which has been mentioned in the
foregoing sections. The author suspects the main reason for this improved segregation is
that the +230 Mesh fly ash has a narrower particle size distribution than that of the +325
Mesh fly ash. In addition, the +230 Mesh samples had been obtained by sieving which
proceed a sharper separation of the coarse and fine fractions.
-83-
80
60
040
CD
c:::
....J
20
~-----
I~
.... ......
Unit 3 +230 Mesh
Fs=180Hz ... ---_ ...
SPL = 146 dB
o .
o
Figure 3.30
50 100 150 200
Bubbling time (sec)
LRtio versus Bubbling time
250
Effect of bubbling time
(Uo-Umb=0.14cm/sec, L=0.4572m, Ho=3.5cm,
Humidified air and Moist fly ash)
3.4.9 The optimum segregation condition for Unit 3 +325 Mesh fly ash
In this section, the results of the segregation experiments are summarized by
showing the conditions which give the best segregation for +325 Mesh fly ash.
The optimum condition is :
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Sound frequency
Bed configuration
Excess air velocity
Initial bed height
SPL
Bubbling time
Fly ash
90Hz
Cases A and C
0.20 em/sec
4.5 em
145 dB
2 minutes
: Moist fly ash
The sound frequency, Fs , should be the same as the natural frequency of the fly
ash, Fr. Operating with a sound frequency which is different from the natural frequency of
the fluidized bed chamber, Fe, does not strongly affect carbon segregation. The SPL of
145 dB was the maximum value which could be obtained in the experiments. Higher
values of SPL than 145 dB may give better carbon segregation. The bubbling time of 2
minutes is thought to be long enough from the results shown in Section 3.4.8.
The difference between cases A and C, the signal shape and humidity of fluidizing
air have very little effect on carbon segregation of moist fly ash. Drying the fly ash had a
negative effect on segregation although additional experiments over a wider range of
excess air velocities are needed to confirm these results.
The condition above is for only one type of fly ash ( +325 Mesh fly ash ).
However, the concept that Fs should be set at the same frequency as Fr should be
applicable to other types of fly ash. In addition, the fact that higher SPL gives better
segregation in the range from 120 to 145 dB and that the bubbling time needs to be
approximately one minute are also most likely applicable when the operating conditions
are determined for other types of fly ash .
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3.4.10 Findings from visual observations
It was observed visually that relatively large carbon particles settled into the lower
layers of fly ash in most segregation experiments. This phenomenon was found even in the
experiments made under optimum conditions as mentioned in the foregoing section.
Segregation depends on density and size of particles as described in Section 1.3. It
seems reasonable to suppose that the settlement occurred because the effect of size on
segregation is stronger than that of density for these large carbon particles..
It is clear that the settlement of large carbon particles negatively affects the degree of
segregation. This is one of the reasons for low LOI reductions obtained at lower mass
recoveries. A possible solution to this problem is recommended in Section 4.2.
3.5 Relation between bubble properties and segregation
To investigate the relation between bubble properties and the degree of carbon
segregation, bubble frequency, Fb, and intermittency factor, IF, were measured at the
same experimental conditions as those in Figures 3.23, 3.24 and 3.25.( See Section 3.4.5).
The best segregation was obtained in each case at the following excess air velocity:
Case A
CaseB
Case C
UO-Umb = 0.20 cm/sec
UO-Umb = 0.35 cm/sec
UO-Umb = 0.20 cm/sec
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The bubble frequencies and intermittency factors are plotted versus excess air
velocity in Figures 3.31 and 3.32. The three lines in each graph correspond to cases A, B
and C for initial bed height, lfo, of 4.5 cm. The solid symbols indicate that the data points
were measured at the optimum excess air velocities shown above.
Bubble frequency and intermittency factor increase as the excess air velocity
increases. The relations in cases A and C were similar to each other. More air velocity was
needed in case B to obtain the same bubble frequency and intermittency factor as those in
cases A and C.
The important point to notice is that the bubble frequency, F b, took approximately
the same value ( 5.5 to 6.5 Hz ) at the optimum Uo-Umbfor all cases. And the
intermittency factor also took approximately the same value ( 0.28 to 0.32 ) at the
optimum velocities. It suggests that the degree of segregation can be correlated with
bubble properties. This leads to the possibility we can predict the degree of segregation
just by measuring a bubble property, such as bubble frequency or intermittency factor.
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Chapter 4 CONCLUSIONS AND RECOMMENDATIONS
4.1 Conclusions
In the present research, carbon segregation experiments were carried out using a
small scale·sound-assisted fluidized bed with various operating conditions to determine the
operating condition which gives the best segregation and to investigate the relation
between segregation and basic fluidization characteristics.
The conclusions obtained in this research are summarized below:
(1) There exists a natural frequency of fly ash Ff, which depends on parameters such as
particle size. To obtain the best carbon segregation, the sound frequency, Fs, should
be set at the same frequency as Ff.
(2) The optimum operating condition for carbon segregation was determined for Homer
City Unit 3 +325 Mesh fly ash. ( See Section 3.4.9). The sound frequency, SPL, air
velocity, initial bed height, bubbling time and moisture in the fly ash affect the degree
of carbon segregation, however, there appears to be very little effect of the natural
frequency ofthe fluidized bed chamber and the signal shape on segregation.
(3) Bubble frequency and intermittency factor measured by an optical fiber probe were
well correlated with the degree of segregation. This leads to the possibility we can
predict the degree of segregation just by measuring a fluidization property, such as
bubble frequency or intermittency factor.
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(4) The settlement of relatively large carbon particles was observed in the lower
layers of fly ash, which decreases the degree of segregation.
4.2 Recommendations for further research
Recommendations for further research derived from the discussion of the experimental
results are listed below. The relation between fluidization properties and the degree of
segregation should be considered for all of the following items.
• Determine the effect of moisture on carbon segregation
As discussed in Section 3.4.6, there may exist operating conditions which give
better segregation at lower air velocities in the dry fly ash experiments. Additional
experiments at lower air velocity and an examination of the relation between interparticle
forces and moisture content are recommended in order to determine the effect of the
moisture in fly ash on segregation.
• Determine the effect of particle size distribution on carbon segregation
As suggested in Section 3.4.8, segregation considerably depends on the particle
size distribution of fly ash. Further experiments are recommended, in which fly ash is
separated at different cut sizes and then segregation experiments are performed for both
the coarse and fine fractions in order to determine the effect of particle size distribution of
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fly ash on carbon segregation. The cut size which gives the best separation performance of
the total process will be obtained by the experiments.
• Remove large carbon particles from the fluidized bed
The problem of the settlement of large carbon particles is described in Section
3.4.10. A possible solution for this problem is removing a thin layer of fly ash from the
bottom at the distributor. The separation efficiency of the fluidized bed separator will
increase if the fly ash in this layer is removed and mixed with the high carbon layer at the
top of the bed. Alternatively, the separation efficiency will increase if the large carbon
particles are separated from the fly ash of the thin layer by sieving and then mixed with
the high carbon portion. It would be relatively easy to select a proper sieve size because
the particle size of the carbon is typically larger than that of other particles in this layer.
• Determine segregation behavior of other type of fly ash
In most experiments in the present work, the Homer City Unit 3 +325 Mesh fly
ash was used as test material. Similar experiments using other types of fly ash are
recommended.
• Perform theoretical study
Theoretical studies on the physics of an acoustic field and on the mechanism by
which sound improves the fluidization of fly ash are recommended. This will help to
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explain the experimental results from the theoretical point of view and predict the best
operating conditions of the acoustic field by theory.
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